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ThermostabilityRelationships between growth conditions and thermostability were examined for photosynthetic inner
membranes (chromatophores) from Rhodopseudomonas viridis and Rhodospirillum rubrum of which
morphology, lipid composition, and protein/lipid rate are rather mutually different. Signals observed by
differential scanning calorimetry of the chromatophores were correlated with thermal state transitions of the
membrane components by reference to temperature dependencies of circular dichroism and absorption
spectra of the puriﬁed supramolecule comprising a photoreaction center and surrounding light-harvesting
pigment–protein complexes that are the prominent proteins in both membranes. The differential scanning
calorimetry curves of those chromatophores exhibited different dependencies on growth stages and
environmental temperatures. The obtained result appeared to reﬂect the differences in the protein/lipid rate
and protein–lipid speciﬁcity between the two chromatophores.hara).
l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Many important functions such as energy transduction, chemical
sensing, and ion transport take place on biological membranes. A group
of functionally afﬁliated proteins that cooperatively contribute to each
function is organized in the lipid bilayer in a highly orderedmanner. As
such concerted activities are closely involved in the dynamic properties
as well as the structure, information on the dynamics of intact
membranes is fundamental for understanding the functions.
Inner membranes (chromatophores) of photosynthetic bacteria are
one of the most extensively studied biological membranes as to the
structure and component [1–9]. In particular, Rhodopseudomonas viridis
and Rhodospirillum rubrum have chromatophores of relatively simple
compositions where a single type of supramolecular complexes of
photoreaction center (RC) and peripheral light-harvesting protein–
pigment complexes (LH1), termed photoreaction unit (PRU)
[3,4,6,7,10–13], are dominantly expressed. However, morphology and
inner structure of those chromatophores are distinctly different: the R.
viridis chromatophore is obtained as a single sheet where closely packed
PRUs formordered array like a two-dimensional crystal [3,4,6,7], whereas
the R. rubrum chromatophore is a vesicle where PRUs are randomly
distributed [1,2].
How dynamic properties of biological membranes reﬂect physiolog-
ical conditions such as nutrition or environmental temperature is aninterestingmatter. To see the relationship,we studied thermalbehaviors
of chromatophores isolated fromR. viridis andR. rubrum cells propagated
up to different growth stages or at different temperatures using
differential scanning calorimetry (DSC) by which thermal transition
temperatures of the components can be precisely determined.
2. Materials and methods
2.1. Sample preparation
The cultures of wild type R. viridis and R. rubrum were carried out
in 250 mL tissue culture ﬂask (Cornin® 75 cm2; Iwaki Glass) ﬁlled
with the modiﬁed ATCCmedium 550 which contained 6 g disodium D,
L-malate in place of 2.5 g D,L-malic and illuminated by a 100 W
incandescent lamp (Interior Lamp; Toshiba) at a distance of 26 cm
from the center of the ﬂask. Cells propagated up to intended growth
stages or at desired temperatures were harvested by centrifugation at
7000 rpm (Hitachi RPR 9-2) for 10 min and washed 3 times with Tris
buffer (10 mM Tris–HCl, 1 mM disodium ethylenediaminetetraace-
tate (EDTA-2Na+) and 0.02% (wt./vol.) sodium azide (NaN3); pH 8.0).
As shown in Table 1, the available temperature for their growth
ranged from 10 °C to 36.5 °C but the growth rate at 10 °C was
extremely slow. The bacterial cells were disrupted by French-press
and crude photosynthetic inner membranes (chromatophores) were
isolated by differential centrifugation (40,000 rpm (Hitachi RP50-2)
for 30 min) after removing debris (10,000 rpm (Hitachi RPR 20–2) for
15 min). The pellet was resuspended in ten-fold volume of phosphate
Table 1
Growth rate in exponential growth phase at different environmental temperatures.
Environmental
temperature (°C)
Doubling time (h)
Rhodopseudomonas viridis Rhodospirillum rubrum
5 a a
10 166.2 126.7
16 54.7 16.7
21 13.6 11.6
26 10.5 7.0
31 6.9 5.9
36.5 8.6 6.3
40.5 b b
a No growth owing to cell dormancy.
b No growth owing to cell death.
Fig. 1. Thermograms of PRU and chromatophore fromphotosynthetic bacteria. The samples
were Rhodopseudomonas viridis PRU in a CHAPS micelle (A), chromatophore (B), and
Rhodospirillum rubrum chromatophore (C). The PRU concentrations for R. viridis and
R. rubrumwere 4.4 mg/mL (A1c m, 1005 of 50) and 6.6 mg/mL (A1c m, 875 of 50), respectively.
Buffer solution was 20 mM sodium phosphate (pH 7.0). For the solubilization of R. viridis
PRU,CHAPSwas added tobe0.5% (wt./vol.). Experimental thermogramswere acquiredwith
a temperature scan rate of 0.5 °C/min. The thermograms were deconvoluted into several
Gaussian peaks and a linear, sloping baseline. (A) The thermogram of R. viridis PRU had one
weak and fourmajor signals. From low temperature, the signals were centered at 49.4, 54.7,
58.0, 65.5, and 69.2 °C, and their half-value widths were 10.5, 4.9, 4.6, 4.6, and 5.9 °C,
respectively. The weak exothermic signal at the lowest temperature broadened the
neighboringmajor exothermic signal toward lower temperature. (B) The thermogram of R.
viridis chromatophore showed one weak and four major signals in the range of 45–85 °C.
From low temperature, the signal peaks were centered at 48.0, 59.4, 63.7, 69.2, and 77.5 °C,
and the half-value widths of the corresponding signals were 10.6, 5.8, 6.5, 6.5, and 5.1 °C,
respectively.Unlike thePRU, theminor signal at the lowest temperaturewas endothermic. A
new signal centered at 93.2 °C with a half-value width of 6.5 °C appeared. The arrows
represent the involvement between the main signals of PRU and chromatophore by the
smallest temperature shift. (C) The thermogram of R. rubrum chromatophore showed one
minor and four major signals in the range of 35–95 °C. From low temperature, the signals
were centered at 37.3, 63.2, 63.5, 80.5, and 87.1 °C, and the half-valuewidthswere 11.4, 5.0,
25.6, 6.0, and 6.4 °C, respectively.
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the suspensionwas layered on top of a nine-step sucrose gradient (20,
25, 30, 35, 40, 45, 50, 55, and 60%(wt./vol.)). A broad distribution of
chromatophore that recovered between 30% and 50%(wt./vol.) after
centrifugation at 25,000 rpm (Hitachi SW28) for 10 h were collected
to see their overall natures and sucrose was removed by dialysis
against the phosphate buffer. The rate of heavier membrane fractions
increased with the cell propagation, suggesting increase of protein
content in the chromatophores.
R. viridis and R. rubrum PRUs were solubilized in 3-[(3-cholami-
dopropyl) dimethylammonio]-1-propanesulfonate (CHAPS) and the
mixture of cholate and deoxycholate, respectively, and puriﬁed
according to the reported methods [14,15]. R. viridis and R. rubrum
RCs solubilized in N,N-dimethyldodecylamine-N-oxide (LDAO) were
puriﬁed according to the previous procedures [16–18]. Final samples
were obtained by washing with phosphate buffer containing 0.5%
(wt./vol.) CHAPS in an ultraﬁltration apparatus employing a UK-200
membrane (ADVANTEC, Tokyo) [17].
2.2. Thermostability measurements by DSC, CD, and absorption
spectrophotometry
Thermostability of the PRUs solubilized in CHAPS and native
chromatophores was examined by differential scanning calorimetry
(DSC), circular dichroism (CD), and ultraviolet-visible (UV) absorption
spectrometry. Thermograms were recorded on a Privalov-type calo-
rimeter, DASM–1. The scan rate was 0.5 °C/min. At the start of heating,
data in a temperature range of about ﬁve degrees are lost due to the
relaxation of the instrument.
A set of temperature-scanning absorption spectra was gained for
each protein as follows. A sample solution with a measurable protein
concentration of 6.5 mL was prepared, and a 150 μL aliquot of the
solution was pipetted into a small test tube (200 μL). Forty-one
equivalent samples prepared in this way were incubated at 20 °C for
more than 5 min in a Takara PCR thermal cycler dice TP600 (gradient
model) and linearly heated up to 90 °C with a scan rate of 0.5 °C/min.
As the range of wavelength to bemeasuredwaswide, it was necessary
to stop denaturation of the proteins by heating. Hence, after the 42
protein solutions reached each aimed temperature (in a 2 °C interval),
they were immediately cooled to a room temperature (20–23 °C), and
then the absorption spectrum was measured between 300 nm and
1100 nm with a Shimadsu UV-1650PC spectrophotometer.
CD spectra were measured between 195 and 260 nm with a Jasco
J-805 spectropolarimeter for samples of which temperature was
controlled with a thermostatic circulating bath. Changes in molar
ellipticity at 208 and 222 nm of CD spectra were recorded as every
second with the reported temperature-scanning CD system [19]. In
those experiments, the sample temperatures were risen continuously
from 20 to 90 °Cwith a scan rate of 0.5 °C/min. The cell path lengths for
measuring absorption and CD spectra were 10 mm and 0.2 mm,
respectively.2.3. Observation of chromatophores by electron microscope
Electron micrographs were taken for the chromatophores loaded
on a carbon-coated grid and stained with 1% (wt./vol.) uranyl acetate,
with a FEI Tecnai F20 electronmicroscope, operated at an acceleration
voltage of 120 kV and equipped with a ﬁeld emission gun. For data
collection, a slow scan CCD camera (Gatan Retractable Multiscan
Camera) was used under low electron dose conditions.
3. Results
3.1. Unfolding process of R. viridis PRU
Thermostability of puriﬁed PRU was examined prior to a native
chromatophore because this supramolecular complex is a prominent
protein in innermembranes of the photosynthetic bacteria. As shown in
Fig. 1A, DSC thermogram of R. viridis PRU comprises four main signals
(one exothermic signal in the range of 50–59 °C; three endothermic
1647T. Odahara et al. / Biochimica et Biophysica Acta 1808 (2011) 1645–1653signals in the ranges of 54–63 °C, 61–69 °C, and 64–74 °C); and one
weak exothermic signal (41–59 °C). Those signals were thought to be
involved with disruption of the scaffold polypeptides and subsequent
state-changes of bound cofactors and lipids.
Multicomponent thermograms had been observed for several
integral membrane proteins of which distinct protein domains
exhibited different unfolding temperatures [20,21]. To specify the
cause of each DSC signal, the effect of heating on CD and absorption
spectra was examined for isolated PRU. As shown in Fig. 2A, the CD
spectrum measured at 20 °C exhibited ellipticity minima at 208 and
222 nm that are characteristic of α-helical conformation, in reason-
able agreement with the high α-helix content of this protein; it is
thought that 43 α-helices form the transmembrane region [7,22,23].
As sample temperature rose, magnitude of the ellipticity at 222 nm
(θ222) turned from decrease to increase at 38 °C, increased linearly
until 73 °C, and was steady above it (Fig. 2B). This temperature-
dependence agreed with the position of the DSC signals. The earlier
studies demonstrated that linear α-helical peptides produced a linear
positive slope in the θ222-temperature curves for the transition to an
unfolded state [24,25]. Therefore, it is thought that conformational
transitions from the α-helix-rich structure to unfolded states
gradually proceeded in the range of 38–73 °C. On the other hand,
the slope in the θ208-temperature curves steepened above 58 °C and
then shallowed at 74 °C. This result proposes a likelihood that the0
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Fig. 2. Effect of heating on a CD spectrum of Rhodopseudomonas viridis PRU in a CHAPS
micelle. The sample composition was 0.46 mg/mL PRU, 0.5% (wt./vol.) CHAPS, and
20 mM sodium phosphate (pH 7.0). (A) The CD spectra were measured at 20 °C (the
lower) and 90 °C (the upper). (B) The molar ellipticities (θ) at 208 (the dark) and
222 nm (the light) of the CD spectra were monitored with elevating temperature from
20 to 90 °C with a scan rate of 0.5 °C/min.conformational transition in the range of 38–73 °C involves two steps.
For instance, hydrophobic binding of the detergents to partly
denatured polypeptides accelerates the further unfolding because
hydrophobic interactions normally strengthen with temperature.
An absorption spectrum of the PRU is used as a criterion of its native
state [5]. The change of spectral pattern and absorption peaks from the
cofactorswith elevating temperature are shown in Fig. 3. The absorption
band with a maximum at 1005 nm (termed the 1005 nm band) arises
from bacteriochlorophyll b (BChlb) in the LH1 subunits. The absorbance
began to decrease at 40 °C, followed by large decay in the rage of 48–
62 °C, and then complete vanishing at 66 °C. The slow (40–48 °C) and
rapid absorbance decay (48–62 °C) corresponded to the weak and
strong exothermic signals of the thermogram, respectively. A new peak
centered at 684 nmappearedat40 °C, and its growthsynchronizedwith
the decay of the 1005 nm band. Because BChlb easily isomerizes to 3-
desvinyl-3-acetyl-Chl a that shows an absorbancemaximum at 675 nm
in acetone [26], the variation of the 1005 and 675 nm bands seem to be
involved with the loss of BChlb and creation of its isomer. The 480 nm
band is attributed to carotenoids in the LH1 subunits because it is not
observed in absorption spectra of R. viridis RC. This band exhibited the
same temperature-dependence as the 1005 nm band. Thus, all the
absorbance bands from the LH1 cofactors varied in the same
temperature range. These results suggest that theweak and subsequent
main exothermic DSC signals that appeared ﬁrst with temperature410 nm
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Fig. 3. Effect of heating on an absorption spectrum of Rhodopseudomonas viridis PRU in a
CHAPS micelle. The sample components were 0.23 mg/mL PRU, 0.5% (wt./vol.) CHAPS,
and 20 mM sodium phosphate (pH 7.0). The protein–detergent complex was heated
linearly from 20 to 90 °C with a scan rate of 0.5 °C/min. (A) Temperature-evolution of
the spectra measured at every 2 °C elevation. The arrows represent the direction of
absorbance change. (B) Temperature-dependence of the intensities at 410, 481, 684,
831, and 1005 nm absorption peaks.
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signal is termed the D1 signal.
The sharp absorption band in RC spectra that arises from heme
groups in the cytochrome subunit gives a shoulder around 410 nm in
PRU spectra (Fig. 3). The absorbance at 410 nmweakened in the range
of 58–66 °C. This variation agrees with the endothermic DSC signal in
the range of 54–63 °C (termed the D2 signal) (Fig. 1).
The 830 nm band is interpreted as overlapping of the Qy
transitions of monomeric accessory BChlb and bacteriopheophytin
b (BPheb) molecules in the membrane-spanning subunits of RC
(termed the L–M subunits). The band weakened in the range of
60–70 °C. Those cofactors exhibit an absorption band of their Qx
transitions around 600 nm. The temperature-dependence of the band
was similar to that of the 830 nm band (data not shown). These
variations seem to be involved with the isomerization of BChlb as
mentioned above, along with the breakdown of the native environ-
ments around the cofactors and their release from the binding sites
that have been observed in the thermal denaturation of Rhodobacter
sphaeroides RC [27,28]. The variations of the bacteriochlorins are
compatible with the endothermic DSC signal in the range of 61–69 °C
(termed the D3 signal).
The thermostability of R. viridis chromatophore from the cells at an
exponential growth stage comprised one exothermic signal
(52–62 °C) and three endothermic signals (56–69 °C, 62–73 °C, and
69–79 °C) (Fig. 1B), as expected from the result about the PRU. The
main DSC signals from R. viridis PRU and chromatophore could be
deﬁnitely correlated by the smallest temperature shift. This involve-
ment between the state-change of subunits and DSC signals in the
native chromatophore is summarized in Table 2.
Exothermic signals have not been observed for R. rubrum
chromatophore (Fig. 1C) and R. sphaeroides RC with bacteriochloro-
phyll a (BChla) [19,29] as well as many other proteins without
pigments. Hence, the exothermic property of LH1 subunits is
attributed to the isomerization and oxidization of BChlb mentioned
above [26]. The LH1 subunit assigned to the exothermic signal
comprises 2 α-helical polypeptides with 58 and 55 amino acids [7,30]
each of which 1 BChlb is thought to be bound to, while the L–M
subunits assigned to the endothermic signal have 10 α-helices (596
amino acids) and 6 bacteriochlorins [22,23,31]. From these composi-
tions, it is thought that, when the ratio of amino acids to BChlbs were
between 70 and 90 in number, the release and absorption of heat are
seemingly canceled. This relationship can partly account for the small
D3 signal assigned to the L–M subunits with four BChlbs and two
BPhebs.
The area intensities of the four deconvoluted DSC signals were in
the approximate ratio of −12:11:6:15 including the release and
absorption of heat, and the ﬁrst three signals in the front were
correlated to the denaturation of LH1, cytochrome, and L–M subunits,
respectively. DSC signal from the H subunit has not been identiﬁed
directly because it has no pigments to be valid as a criterion of the
native state [22,23]. We consider the validity of the simplest
relationship that the H subunit contributes to one of the deconvoluted
signals as well as the other subunits. Here, for simplicity, we suppose a
heat capacity for the thermal unfolding of the subunits to be roughlyTable 2
Putative correlations between DSC signals and denaturation processes of PRU in
chromatophores.
Transition temperature
Subunit Rhodopseudomonas viridis Rhodospirillum rubrum
LH1 50–59 °C 74–86 °C
Cytochrome 54–63 °C –
L–M 61–69 °C 58–67 °C
H a a
a There is no direct evidence.proportional to the number of amino acids because marked thermally
tolerant domains have not been observed for R. viridis PRU. First,
assignment of the H subunit to the D4 signal does not contradict the
relationship between the DSC signal intensity and amino acid number;
area ratio of cytochrome to H subunit, 0.73, is as large as the ratio of
amino acid number, 0.77 [32,33]. However, if this assignment is correct,
then the exothermic property of the heme groups in the cytochrome
subunit must be very weak. In addition, the isomerization and
oxidization of BChlb must release much heat because the ratio of
cytochrome to L–M subunits is 0.56 in amino acid number, while the
ratio of D2 to D3 signal is 1.8 in signal intensity. Such an inversion of the
relationship between signal intensity and amino acid number becomes
more prominent when the H subunit is assigned to the D3 signal
because the number of amino acids linked to the D3 signal increases. In
this case, the D3 signal looks too small for the large amino acid number.
If the H subunit contributes to the D1 signal, this implies the strong
exothermic property of BChlb as mentioned in the ﬁrst assignment.
Another possibility is that the D2 signal arises from the H and
cytochrome subunits, which means that the D4 signal is not involved
with a speciﬁc subunit. From the relationship of signal intensity–amino
acid number, this assignment looks plausible. However, we cannot
accepted it at once because narrow, single peaks such as the D4 signal
seems to be involved with some deﬁned state-change. Thus, a deﬁnite
assignment of the H subunit is difﬁcult at this stage.
3.2. Unfolding process of R. rubrum PRU
The absorption bands around 483, 513, 548, and 880 nm from the
cofactors in the LH1 subunits [27,28] decreased until about 70 °C with
increasing rate, followed by large decay above 70 °C, and then
complete vanishing at 82 °C. Synchronizing this diminution, a band
around 780 nm (termed the 780 nm band) that seems to arise from
BChla in the breakdown proteins (from the analogy with the thermal
denaturation of R. sphaeroides RC with BChla [27,28]) appeared and
increased. This temperature-dependence was relatively good agree-
ment with that of CD ellipticities. These results suggest that pre- and
main-transitions from native to denatured states of the LH1 subunits
proceeded in the ranges of 50–70 °C and 70–82 °C, respectively.
The prominent increase of the 780 nm band masked the 800 nm
band from BChlamonomers of the L andM subunits, which prevented
the analysis about the temperature dependence of the subunit. To
obtain the information, a temperature-scanning spectroscopic exper-
iment was performed for puriﬁed R. rubrum RC. To see the precise
temperature-dependence of each band, gained absorption spectra
were deconvoluted into four Gaussian peaks: the 755 nm (the BPhea
monomers), 800 nm (the BChla monomers), and 875 nm (the BChla
dimer) bands from the native protein, and the 775 nm band (the
bacteriochlorins) from the unfolded protein. As shown in Fig. 4, all
the absorption bands changed in the range of 60–74 °C. The change of
the absorbance and θ222 exhibited nearly the same end point, which
seems to imply that the major breakdown of the α-helices completes
at 74 °C. On the other hand, the variation of the θ208 continued until
84 °C, which may imply further deformation of the polypeptides by
the detergent and breakdown products or unfolding of the H subunits
which has lower α-helix content than the L and M subunits. As
reported by Vadeboncoeur et al., R. rubrum PRU can be easily
separated into the RC and LH1 subunits at low LDAO concentrations
without deformation of the native absorption bands [18], which
suggests that their binding in the PRU is loose. Therefore, the result
about the RC in this study seems to reﬂect the behaviors of the L andM
subunits in PRU correctly.
On the other hand, DSC thermogram of R. rubrum chromatophore
exhibited four major endothermic signals (58–67 °C, 45–82 °C,
74–86 °C, and 82–93 °C) (Fig. 1C). On the basis of the temperature-
dependence of CD and absorption spectra, the ﬁrst three DSC signals are
correlated to unfolding of the L–M subunits and broad and main
Fig. 5. Thermograms of chromatophores from photosynthetic bacterial cells propagated up
to different growth stages. The thermograms were acquired for (A) Rhodopseudomonas
viridis chromatophore with 4.4 mg/mL PRU and (B) Rhodospirillum rubrumwith 6.6 mg/mL
PRU with a temperature scan rate of 0.5 °C/min. The concentrations of the total protein
resided in each chromatophore were unknown. The chromatophores were suspended in
20mM sodium phosphate solution (pH 7.0). Sampling was performed at the growth stages
such as middle (ME) and late (LE) stages of an exponential growth and early (ES) and full
(FS) stages of growth saturation. The theoretical curve (lower) was gained as the result of
superposition of ﬁve Gaussian curves.
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Fig. 4. Change of CD and absorption spectra by a temperature-scanningmethod of PRUs
and RCs from Rhodopseudomonas viridis and Rhodospirillum rubrum. Observed signals
and their origins are shown on the left and right sides, respectively. For instance, A1005
represents the absorption signal at 1005 nm stemmed from bacteriochlorophyll (BChl)
in LH1 subunits. Open and closed arrowheads mean the augmentation and diminution
of signal intensity, respectively. Straight and dotted lines represent linear changes and
variations with an increasing rate, respectively. The width of the lines relates to a
change-rate of signal intensity: the signal intensities varied steeply in the temperature
ranges marked by thick lines than in the lower and/or higher ones. The temperature-
dependence of R. viridis RC A683, A802, A832, and A960 are based on the magnitudes of
deconvoluted absorption bands from the original (20–64 °C) and baseline-corrected
(64–90 °C) spectra between 640 and 1060 nm. The temperature-dependence of
R. rubrum A755, A775, A800, and A875 are based on the magnitudes of deconvoluted
absorbance bands from the original spectra between 650 and 950 nm.
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the highest signal was not identiﬁed because of no direct evidence. The
putative correlations between the unfolding processes and DSC signals
for native R. rubrum chromatophores are also summarized in Table 2.
To see the reversibility of the unfolding process, all the samples
employed in the temperature-scanning spectroscopic experiments
were kept at 20 °C in darkness, and their spectra were measured in
about 24 h again. Recoveries of the spectra were not observed, which
suggests that the four proteins in this study lost their native structures
irreversibly as R. sphaeroides RC at 79 °C [27]. The complete recovery
to native structures of proteins necessitates both correct refolding of
polypeptides and diffusing back into the appropriate bonding site of
cofactors, which seems stochastically improbable in hetero- and
multi-component membrane proteins such as the PRU and RC [27].
Furthermore, the irreversibility means that the absorption spectral
data in this study are fundamentally equivalent to those that would be
gained under the continuous rising of a sample temperature.
3.3. Effect of inter- and intra-molecular interactions on protein stability
As shown in Fig. 1A and B, all the DSC signals of R. viridis
chromatophore shifted towards higher temperatures by 2–5 °C and
were broader than those of PRU in CHAPSmicelles, which is reasonable
as follows. As lipids have normally two hydrocarbon tails, they form astable hydrophobic scaffold (bilayer) that keeps integral membrane
proteins more favorably than detergent micelles. This effect in the
membrane-spanning region seems to contribute to the stabilization of
the extramembranous region through the deﬁned subunit–subunit
interactions [7,10,14]. The signal broadening would reﬂect heteroge-
neity in protein–lipid interactions because the natural lipid has a variety
of components [8].
The putative DSC signal of LH1 subunits facing lipid molecules
exhibited somewhat larger shift and broadening than those of RC. The
same trend was also observed for R. rubrum chromatophore in this
study. These results may be involved with the signiﬁcance of intrinsic
lipids for protein stabilization. In fact, a possibility that R. viridis PRU is
stabilized by binding of cardiolipins has been suggested [4].
The absorption band from the BChlb dimer sandwiched between
the L and M subunits is masked by the large 1005 nm band in PRU
spectra, which prevents from analyzing the more detailed unfolding
process of the L and M subunits. Therefore, puriﬁed R. viridis RC was
examined by the same spectroscopic method. Gained absorption
spectra were deconvoluted into 4 Gaussian bands centered at 683
(BChlb in denatured environment), 802 (BPheb monomers), 832
1650 T. Odahara et al. / Biochimica et Biophysica Acta 1808 (2011) 1645–1653(BChlb monomers), and 960 nm (BChlb dimers). The sloping base in
the absorption spectra caused by the wavelength-dependent scatter-
ing of incident light (~wavelength−4) was corrected for the spectra
measured at temperatures above 64 °C where the RC aggregated. All
the absorption bands exhibited the same temperature dependence
(Fig. 4), which seems to suggest that separation of the subunits and
breakdown of intra-subunit conformations proceed simultaneously.
Changes in the bands from the RC- and PRU-cofactors completed at the
same temperature, but the bands of the formers began to decrease at
lower temperature by 10 °C than that of the latter, which seems to reﬂect
the relatively strong association of the RC and LH1 through lipids [14,17].
This contrasts with the weak binding in R. rubrum PRUmentioned above.
Physiologically favorable temperatures for both bacteria are
almost the same as shown in Table 1. In addition, the rates of
hydrophilic, hydrophobic, positive, and negative charged amino acid
residues in LH1 polypeptides are also equivalent between R. viridis
(56.6%, 23%, 14.4%, and 8%) [30] and R. rubrum (59.6%, 25%, 9.6%, and
5.8%) [34,35]. However, denaturation temperature of R. rubrum LH1
was about 20 °C higher than that of R. viridis LH1 both in CHAPS
micelle and in the native membranes. Hence, the difference in their
thermostability seemed to be ascribed to the intramolecular interac-
tions. It has been indicated that salt bridge formation, side chain–side
chain hydrogen bonds, and Arg and Tyr populations signiﬁcantly
contribute to the enhancement of protein thermostability [36]. From
the amino acid sequences [30,34,35], however, main factors for the
difference were not identiﬁed as follows. The existence of salt bridges
is not expected for both LH1s. In R. rubrum LH1, compared with
R. viridis LH1, the possible maximum number of side chain–side chain
hydrogen bonds is larger, and Pro (an α-helix breaker) population is
smaller, but Arg and Tyr populations are smaller. For the reasonableFig. 6. Characterization of chromatophores isolated from photosynthetic bacterial cells at d
negatively stained electron micrographs (C) of Rhodopseudomonas viridis chromatophores
electrophoresis was carried out on a 15% (wt./vol.) gel. Molecular-weight markers (lane 1),
16 °C (lane 6), 21 °C (lane 7), 26 °C (lane 8), 31 °C (lane 9), and 36.5 °C (lane 10) propag
Coomassie Brilliant Blue R-250.explanation, we must continue to challenge the determination of
R. viridis LH1 atomic structure [10,37] as well as R. rubrum LH1 of
which the tertiary structure is known [13].
3.4. Thermograms of native chromatophores at different growth stages
To see the relationship between cell activity and dynamic property of
biological membranes, we examined thermostability of chromatophores
isolated from thebacterial cells propagated up to different growth stages.
Thermograms of R. viridis and R. rubrum chromatophores that largely
come from thePRUs are shown in Fig. 5A andB, respectively. ForR. viridis,
the DSC signals in the range of 50–80 °C were almost the same
throughout the cell propagation. Correspondingly, the absorption spectra
(Fig. 6A) and electrophoretogram (lanes 2–5 in Fig. 6B) also supported
that most of PRUs in the chromatophores were maintained in the same
composition and state. By contrast, an endothermic signal in the range of
88–97 °C newly observed for the chromatophore at the middle of an
exponential growth phase weakened with the cell propagation. Electron
micrographs (Fig. 6C) of those chromatophores exhibit that the
assemblage of PRUs like a two-dimensional crystal at the exponential
growth stages slightly disordered after the early stage of the saturation
phase. Although this result suggests some likelihood of intermolecular
interactions involved with molecular packing (such as protein–protein,
protein–lipid, and lipid–lipid interactions), we cannot give a reasonable
explanation for such a high-temperature phenomenon at this stage.
On the other hand, the thermogramofR. rubrum varied greatly in the
process of growth; the signal in the range of 74–86 °C slowlyweakened
until the early stage of a saturation phase, and another signal in the
range of 79–93 °C decreased greatly towards the full growth (Fig. 5B).
Carotenoid signals slightly reduced in the absorption spectra (Fig. 6D)ifferent physiological conditions. Absorption spectra (A), electrophoretogram (B), and
and those (D–F) of Rhodospirillum rubrum chromatophores. SDS–polyacrylamide gel
native chromatophores of ME (lane 2), LE (lane 3), ES (lane 4), and FS (lane 5) stages,
ation, and puriﬁed PRU (lane 11) were subjected to electrophoresis and stained with
Fig. 7. Thermograms of chromatophores from photosynthetic bacteria propagated up to
middle stage of an exponential growth at 16 °C. The thermograms were acquired for
(A) Rhodopseudomonas viridis chromatophorewith4.4 mg/mL PRUand (B)Rhodospirillum
rubrumwith6.6 mg/mLPRUwith a temperature scan rate of 0.5 K/min. The concentrations
of the total protein resided in each chromatophore were unknown. The chromatophores
were suspended in 20 mM sodium phosphate solution (pH 7.0). The theoretical curves
were gained as the result of superposition of Gaussian curves.
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excluding the subunits of PRU, weakened in the electrophoretogram
(lanes 2–5 in Fig. 6E), but no variation was observed in the electron
micrographs (Fig. 6F). These results suggest a possibility that the
degraded or decomposed polypeptides, separated carotenoids, and
imbalanced protein/lipid rate by the depletion of nutrition joined in
causing the remarkable variation. A variety of materials (fatty acids,
polar carotenoids, cationic polymers, membrane-bound polypeptides,
etc.) are known to remarkably change the behavior of both model and
intact membranes [38–42]. Those materials are also thought to
permeate more easily into a ﬂexible membrane with high lipid content
like R. rubrum chromatophore rather than into a rigid membrane with
closely packed protein region like R. viridis one. Although we cannot
conﬁrm this model owing to the intricacies of the natural membranes,
the behavior of the thermograms clearly reﬂected the difference in
components and structure of both chromatophores.
Furthermore, the thermogramof R. rubrum chromatophore included
a broad endothermic signal extending over the range of 40–90 °C as
seen at themiddle stage of the exponential growthphase and this signal
turned to decrease with narrowing as the cell propagated (Fig. 5B).
Corresponding electrophoretogram (lanes 2–5 in Fig. 6E) exhibited that
many polypeptides with molecular weights of 36,000 or more which
were expressed besides the PRU subunits decreased with the cell
propagation. Hence, the broad signal can be interpreted as overlapping
signals of unfolding transition of those polypeptides and gradual
deformingof the LH1-subunitsmentioned above. Thus, the thermogram
alsodeﬁnitely reﬂected thevariation in the chromatophore components
which changed during the cell growth.
3.5. Relationships of chromatophores with growth temperature
Effect of environmental temperature was examined for the chroma-
tophores isolated from R. viridis and R. rubrum cells propagated up to the
middle stage of their exponential growth phases at physiologically
vigorous temperatures mentioned in section 2.1. Although no difference
was observed in the absorption spectra (data not shown), the population
of other polypeptides except the PRU components decreased with
elevating growth temperature (lanes 6–10 in Figs. 6B and E). As if
reﬂecting this change, the chromatophores at 16 °C exhibited large
variations in the thermograms: the appearance of a new endothermic
signal (44–60 °C) canceling the exothermic one (52–62 °C) and the
enhancement of the endothermic one (62–73 °C) were observed for
R. viridis chromatophore (Fig. 7A); broadening of the endothermic signal
towards lower temperature (73–86°C) was observed for R. rubrum one
(Fig. 7B). The result for R. viridismay relate to an alteration ofmetabolism
in themembrane that made its growth rate extremely slow at 16 °C (see
Table 1), but the origin is not known at this stage.
It has been shown that many bacteria change the fatty acid proﬁle
of their cell membranes to maintain the optimum ﬂuidity in response
to environmental temperature; the relative amount of long, straight,
and saturated fatty acids increases with elevating the temperature
[43–46]. To see the relationship between environmental temperature
and membrane thermostability quantitatively, temperatures of the
distinct signal peaks shown in Fig. 5 are plotted against growth
temperatures in Fig. 8. The elevation of growth temperature from
16 °C to 36.5 °C raised the signal peaks by 2.7–5.9 °C for R. viridis and
by 1.6–3.9 °C for R. rubrum. A similar relationship between protein
thermostability and alkyl chain length of detergents has been
observed for rhodopsin and opsin [47]. So, we can conclude that
main contributors to the shift of DSC signals are variations in protein–
lipid hydrophobic interactions.
Stronger response to the growth temperature was observed for
R. viridis rather than R. rubrum. Many membrane proteins are known
to have preferential afﬁnity for speciﬁc lipids, like cardiolipin for R.
viridis PRU [4,29,48,49]. As the boundary lipids strongly inﬂuence the
protein, thermostability of proteins in such biological membraneswith low lipid content as R. viridis chromatophore is thought to be
sensitive to change in lipid composition. By contrast, in such
membranes with high lipid content as R. rubrum chromatophore,
many low-afﬁnity lipids would be in far lipid annuli (second, third
annuli, and so on) away from a target protein [4,49], which must
reduce the change in proximate lipid composition around the protein
with temperature.3.6. General discussion
Spectrophotometrical observation normally necessitates transpar-
ent sample solutions. Although both native chromatophores aggregated
above 70 °C, origins of theirmajorDSC signals could be identiﬁed for the
following reason: their protein components were simple and PRUs (the
main proteins) in CHAPS micelles did not precipitate at the measure-
ment temperatures. However, degradation or denaturation of integral
membrane proteins at high temperatures often causes aggregation of
biological membranes owing to their high content of hydrophobic
amino acid residues [50]. In such cases, thermal gel analysis that relies
on a change in the solubility properties of proteins upon denaturation
[50] and solid-state NMR method of which the measurability is less
restricted by the size of target particles [38,39] seem useful for
monitoring denaturation process of huge molecules such as PRUs.
In the PRUs, 44 α-helices bundle to form a transmembrane region
of which the conformational change does not accompany the function.
Despite such structural rigidity, change in lipid composition with
growth temperature induced a visible shift of the thermostability.
Thermostability of more ﬂexible proteins that must change the
conformation for exerting the function may sensitively response to
growth temperature.
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Fig. 8. Relationships between thermostability of chromatophores and growth
temperature. Temperatures (Tp) at the distinct DSC signal peaks in thermograms of
(A) Rhodopseudomonas viridis and (B) Rhodospirillum rubrum chromatophores were
plotted against growth temperatures (Tg). The thermograms were acquired for R. viridis
chromatophore with 4.4 mg/mL PRU and R. rubrum with 6.6 mg/mL PRU with a
temperature scan rate of 0.5 K/min. The total protein concentrations were unknown.
The chromatophores were suspended in 20 mM sodium phosphate solution (pH 7.0).
The distinct DSC signal peaks used are indicated in Fig. 2A and B as R. viridis (V1, V2, and
V3) and R. rubrum (R1, R2, and R3).
1652 T. Odahara et al. / Biochimica et Biophysica Acta 1808 (2011) 1645–1653Through the thermostabilitymeasurements of twonatural biological
membranes, this study demonstrated a likelihood that sensitivity to
growth environments is closely involved with the lipid content or the
degree of protein packing. Several factors out of our consideration
would coincidentally contribute to the change. Nevertheless, we could
outline the inﬂuence from the several predominant factors on the
membrane thermostability on the basis of several biophysical data that
had been discussed above. To see those inﬂuences more manifestly,
study on both PRUs reconstituted in model membranes with precisely
controlled compositions may be useful [10,12,13].
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